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MO'ISTURE CHANGES I N D U C E D  I N  R E D  OAK 
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Forest Products Laboratory,' Forest Service, U.S. Department of Agriculture 
The effect of tensile and compressive stresses on northern red oak, in the radial and 
tangential directions, was investigated at a number of initial moisture contents. Tensile 
stresses were found to increase rnoistt~re content, while compressive stresses decreased 
nloistore content. The size of the stress-induced change in moisture content approaches 
l%, at high stress levels and high initial moisture contents and increases in an approximately 
exponential way with initial nloisture content. A tllerlnodynamic relationship used to 
calculate the change in moisture content under stress produced values in reasonably close 
agreement with observed changes. 
INTRODUCTION 
An understanding of sorption isotherms 
and of the factors affecting them is funda- 
mental to understanding wood-moisture re- 
lations. The ternpcrature dependence of 
sorption isotherms can bc explained in 
fundamental terms, but the effcct of me- 
chanical stress on sorption isotherms is not 
as well known. Fundamental reasons for the 
effect have been proposed by Barkas (1949) 
and Barkas, Hearmon, and Rance ( 1953), 
but not tested quantitatively to any extent 
for wood over a wide nloisture range. The 
purposes of the study reported here were: 
( 1 )  to determine the effect of stress on 
sorption isotherms, that is, the magnitude 
of the effect and the effect of some of the 
variables on the magnitude; and ( 2 )  to 
test the validity of the fundamcntal reasons 
that havc been proposed to explain the 
effect. 
THEORY 
Porter (1907) derived the following 
equation to describe compressible solutions: 
(av /dm) ,  = v(dh/dp),, (1)  
where h is vapor pressure, v is the specific 
volume of solvent, p is hydrostatic pressure, 
V is the volume of solution per gram of 
solute, and m is the mass of solvent per unit 
mass of solute. 
' Maintained at Madison, Wis., in cooperation 
with the University of Wisconsin. 
The theory for the effect of stress on the 
moisture content of wood and other hy- 
groscopic gel materials has been developed 
by Barkas ( 1949) and Barkas et al. ( 1953) 
by extending the thermodynamics of com- 
pressible solutions to the sorption of water 
vapor by rigid gels. He defines a gel in 
the following manner: 
1. (his adsorb moisture from the sur- 
rounding atmosphere and swell. The ad- 
sorbed moisture exerts a vapor pressure 
less than that of the saturation vapor 
pressure of free water. 
2. Gels are rigid materials and can there- 
fore withstand directional stresses. 
3. Gels show limited sorption in a satu- 
rated atmosphere; that is, they do not 
adsorb water to the point of dissolution. 
4. For the purpose of the theoretical 
treatment, the gel is assumed to be per- 
fectly elastic. 
Equation 1 can be modified for direc- 
tional stress in rigid gels. For a stress in 
one direction only, equation (1) becomes 
where (T is stress in the x direction. 
In this study we were concerned with 
measuring the change in moisture content 
caused by a constant uniaxial stress in an 
environment of constant temperature and 
vapor pressure. Equation ( 2 )  can be 
written to describe this experimental ap- 
proach and make possible an approximate 
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solution to the differential equation (Tre- 
loar 1952). Thc derivation is given in the 
Appendix. The final equation is 
( d n ~  i ) ~ ) , ,  = - [ ( m  + l ) / (vph,))  1 
x ( l / x )  lax/a(h/h,,)l,, (3)  
where N = dimension in the stress direction, 
m = mass of water per unit mass of dry 
material, a = stress, v = specific volume of 
water vapor at vapor pressure 11,  h == vapor 
pressure, h ,  = saturation vapor pressure, 
and p = swollen density. 
The sign convention for stress is positive 
for compression and negative for tension 
(Porter 1907; Barkas 1949; Barkas et al. 
1953). Since the individual terms on the 
right side of equation ( 3 )  are all positive, 
thc equation prcdicts a decrease in mois- 
ture content under compres\ive stress and 
an increase under tensile stress. 
To verify equation ( 3 ) ,  it is necessary to 
measure the rate of change of dimension 
with vapor pressure, [ax/a(h/h,)],. An 
exact solution to equation ( 3 )  \vould re- 
quire a knowledge of the functional re- 
lationship between dimension, relative 
vapor pressure, and strtlss, which is con- 
sidered beyond the scope of this study. 
Instead, the solution to equation ( 3 )  is 
:~pproximated in the form: 
where h, = [dx/d(h/hO)],,-, is the stress- 
frcc ratc of change of dimcnsion with rela- 
ti\ c, vapor prcxssure. 
PREVIOUS WORK 
Treloar ( 1852, 1953) measured thc in- 
crease in the moisture content of human 
hair and viscose filaments under tensilc 
stress. Ollc of- his objectives was to verify 
equation ( 3 ) ,  which requires the experi- 
mental conditions of a constant stress 
applied at constant relative vapor pressure. 
For this calculation, it was necessary to 
make an approximation to the term A = 
[ a ~ / a ( h / h , ) ] ,  from a separate eupt>riment. 
With a small stress on the fiber specimen 
to keep it straight, he measured the change 
in dimcnsion with rcspecxt to relativc vapor 
pressure. He observed increases in mois- 
ture content with tensile stress that ranged 
fro111 approximately 0.1 to 1.5%, dcpending 
upon the matcrial and the stress level. He 
also found fairly good agreement between 
observed increases in rnoisture content and 
those calculated from equation ( 3 ) .  
Kublit and Nyborg (1962) studied the 
influence of a constant tensile stress on thc 
equilibrium moisture content ( EMC ) of 
kraft paper and found increases ranging 
from 0.10 to 0.23%. They calculated the 
increase in moisture content in the same 
manner as Treloar (1952, 1953) and found 
close agreement between the measured and 
calculated values. 
Libby and Haygreen ( 1967) founcl that 
the Eh4C of Douglas-fir was increasecl by a 
tensilc stress applied in the tangential di- 
rectioi~. The increased ranged from 0.02 to 
0.20%, depending on the experimental con- 
ditions. 
Goals of the experimental work were to 
determine the effects of stress on the EMC 
of woocl-specifically, the effects of tensile 
and compressive stresses in both the radial 
and tangential directions for red oak whilc 
undcr a constant stress at constant rclative 
humidity and temperature. Further ob- 
jecti\es were to determine the effects of 
initial rnoisture content on the magnitude 
of the stress-induced moisture change and 
to make quantitative comparisons between 
experimental values and those calculated 
from (quation ( 3 ) .  
Sample preparation 
All of the test specimens were cut from 
onc northern red oak (Quercus rubra) log. 
Three flat- and three quarter-sawn boards 
were cut, and each of the boards provided 
all of the radial or tangential specimens for 
one of the three stress levels used in the 
study (40, 55, and 70% of the maximum 
tensilc strength). Each of the six boards 
was furthcr cut into six sections to repre- 
sent six levels of relative humidity (43, 64, 
75, 86, 93, and 98% ) .  These sections were 
cut into specimen blanks 7 by 1% inches 
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I)y ' 5  inch along the grain. The blanks 
were dried gradually to equilibrium with 
the c~pproxim~~tc relative humidity at which 
they would be tested, and then cut to thc 
final speciincn size-6 inches by '/1 inch 
by 92 inch along the grain for the tension 
specimens and 2 inches by l/2 inch by 
55 inch along the grain for the co~npression 
specimens. 
Environmewtcll control 
Tests \vtJre made in an c.nvironmenta1 
cabinet in which relative humidity was 
controlled by  saturated salt solutions. A 
fan provided circulation within thc cabi- 
net, and the entire room liou\ing the cabinet 
w'ls temperature controllrd. After the 
\lxcimens were cut, they were stored in 
dr,siccators over the saturated salt solutions 
corresponding to the particular test con- 
ditions. The salt solutions, relative hu- 
midities, and nominal moisture contents 
are listcd in Table 1. All tests were con- 
ducted at 25 C. 
The test chamber was equippcd with 
tension grips, compression gages, and a 
Fj:1 lever arm systcni for loading the speci- 
mens with dead weights. The system was 
calibrated with a load cell. 
Moisture cowtent n~eusuren~ent 
Thc equilibrium change in nioistmc con- 
tcmt under stress was measured gravinietri- 
cally. However, the tirlie required for the 
moisture content to reach a-new equilib- 
rium under stress was dctcrnlincd-by a 
technique similar to that described by 
Simpson and Skaar (1968). In this tech- 
nique thc change in moisture content as a 
function of timc was approximated by mea- 
suring thc change in electrical resistance 
with timc after loading. The measurements 
showed that a new n~oisture equilibrium 
could be attained essentially within 24 hr 
aftcr loading. Therefore, the specimens 
were stressed for at least 24 hr. 
Two replicates were made at each euperi- 
nlental condition. Matchcd, unstressc.cl con- 
trols were included in each test run so that 
corrcctions could be made for any change 
in ~noisture content duc to changes in the 
TABLE 1 Saturated salt solzltions used to control 
relative humidity at 25 C 
-- . -




Salt solution ( % )  i % )  
I'otassii~i~l carbonate 
( KzC(I):I.2H30) 43 9 
Sodint11 nitrite ( NaNO?) 64 12 
Sodiuni chloride (NaCI) 75 14 
l'otassiu~il chloride ( KCl) 86 17 
Potas.;ir~~n nitrate ( KNO:,) 93 20 
Potassiu~n dichromate (K2Cr,0,) 98 24 
tcmpcrature or relative humidity. The 
specimens were allowed to equilibrate in 
the test cabinet before stressing Im- 
mediately before stressing, cach spcwimen 
was weighed to the nearest 0.0001 gram to 
detcrmine its moisture content. To do this, 
cach pair of specimens (one tension and 
oiic compression) in one te5t run, and the 
unstressed control, werc. individually 
w r a p p ~ d  in a vinylidene chloride vapor 
barrior, and then in aluminum foil, before 
they were removed from the cabinet. All 
wrapping was done through portholes in the 
cabinct, fitted with rubber gloves so that 
conditions in the cabinet were disturbed 
as littlc as possible. After weighing, the 
specimens were returned to the cabinet, 
unwrapped, and loaded. After 24 hr, the 
specimens were unloaded and wrapped as 
before within scveral seconds, so that no 
significant change in moisture content was 
presumed to occur before the final weigh- 
ing. 
Entire compression specimens were 
weighfd before and after loading. With 
tension specimens, there were problems 
associated with this method. Because por- 
tions of the tension specimens that were in 
the grips were not subjected to the same 
tensile stress as the portions between the 
grips, the final moisture content was de- 
terniii~ed by clipping the center portion of 
thc tension specimen.; for weighing. Since 
the initial moisture content was based on 
the entire specimen, this method had thc 
disatlvantage of assuming that the initial 
n~oi\ture content was uniform throughout. 
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TABLE 2. Acerage val~res o f  meustrred lt~oistrtre chailges per unit stress after 24 hr of stress, valzles cal- 











humidity Calcu- Experi- Calcu- Experi- Cialeu- Experi- Calcu- Experi- 
76 lated mental lated mental lated mental lated mental 
Change in rnoist~~l.c contcnt ( O/c ) per m ~ i t  stress (PSI x 10:') 
-0.0933 +0.0967 f0.0440 -0.0948 -0.0751 +0.0687 +0.0172 
-0.119 f0.235 $0.202 -0.133 -0.0798 $0.139 $0.113 
-0.130 +0.243 +0.203 -0.144 -0.0805 +0.153 +0.122 
-0.189 +0.715 +0.375 -0.215 -0.209 +0.381 +0.0504 
-0.384 + 1.358 + 1.000 -0.339 -0.182 +0.818 +0.470 
-0.624 +1.620 - -0.33ij - +0.647 
Initial ~noisturc ontent ( $ ) 
9.08 - 8.94 - 9.08 - 9.10 
11.48 - 11.35 - 11.75 - 11.65 
13.51 - 13.40 - 13.19 - 13.23 
16.67 - 17.00 - 17.95 - 18.08 
19.32 - 19.32 - 19.70 - 19.66 
24.03 - 23.81 A 24.13 - 24.46 
Shrinkage nleasure~nent 
The method used to detc.rminr A,, of 
c.quation ( 4 )  was to measure shrinkage 
for the compression specimens and swell- 
ing for the tension specimens I~etwcen 
three relative humidities. For example, to 
determine A,, for compression specimens at 
64he la t ive  humidity, the dimension of a 
matched specimen was rncasured at 75, 64, 
and 43% relative humidity. The dinlension, 
x, was fittcd by least squares to ;I sc,cond 
degree polynonlial, with x the dependent 
variable and relative vapor pressure the 
independent variable. The first deriv a t '  ivc 
of this equation at h/h,, = 0.64 was taken 
as A,,. The specinlens used in this test were 
taken from a position in the board adjacent 
to the specimens that were stressed. The 
density and moisture content of thc matched 
specimens were used in equation ( 3 ) . The 
specific volunle of water vapor, v, was taken 
from Barkas (1949) and chccked with 
another source (Marvin 1941). 
The experiillental results, summarized in 
Table 2, show that the EMC of wood is 
decreased by compression stress and in- 
creased by tension stress. The change 
ranged from 0.02 to 0.62% moisturcl con- 
tent, depending on the level of the variables. 
Since it was assumed in deriving equa- 
tion ( 4 )  that the rate of change of di- 
mension with respect to relative vapor 
pressurc is independent of stress level, the 
moisture change per change in stress is 
also assumed to be indcpendent of stress 
level. The experimental results gave no evi- 
dence that this assumption was invalid. 
Thcreforc., this independence was assumed 
and vach stress-induced moisture change 
was divided by the change in stress (,ACT = 
cr - o )  and the moisture change per unit 
stress was averaged over the three stress 
levels at cach experimental condition. These 
average values are listed in Table 2, with 
the corresponding average initial moisture 
contents. Values calculatcd from equation 
( 4 )  are listcd also. 
These data were analyzed by 1' inear re- 
gression techniques. Plots of the logarithm 
of the change in moisture content per unit 
stress versus initial moisture content are 
approuimately linear, leading to the model 
whcrc Q is the absolute value of the mois- 
ture change per unit stress (pcr cent-pounds 
per square inch-l). a and 11 are constants, 
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TABLE 3. Results of regression ~ I I L U ~ ~ , E C , ~  of the stress-induced change ill moisture content on initial mois- 
ture content. The least-scluares equation is of the form Q = a e x ~ ~ j b h l ) ,  where Q is absolute value of the 
change in moisture conteilt per unit stress, a and b are constants, und M is per cent moisture content. 
R is the correlation coefficient and F is the cariance ratio 
--
Tangential Radial -- 
Compression Tensic~n Compression Tension 
-- 
Calcu- Experi- Calcu- Experi- Calcn- Experi- Calcn- Experi- 
Iteni lat.ed mental lated mental lated mental lated mental 
Level of 
significance ( 'j% ) 99 99 9 9 99 99 99 99 90 
and M is the initial per cent moisturc con- 
tent. 
The regression analysis was necessarily a 
weighted one since the sample size varied. 
The study was designed for equal sample 
sizes, but experimental difficulties resulted 
in the loss of some data. Since each value 
in Table 2 is the average of a number of 
specimens, the weighting factor was taken 
as the number of values rnaking up the aver- 
age (Steele and Torrie 1960). Thc results 
of the regression analysis are shown in 
Table 3, where the constants a and b, the 
correlation coefficient R, and the F value 
for the test of statistical significance are 
listed. The results are plotted in Figs. 1 to 4. 
A number of comparisons were made be- 
tween the eight regressions. Thc purpose 
was to compare both the slopes and levels 
of the regression equations between calcu- 
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FIG. 1. Regression of the absolute value of the 
change in lnoisture content per unit stress on initial 
moisture content for compresion in the tangential 
direction. 
lated and experimental results, radial and 
tangential results, and tension and com- 
pression results. The 12 paired comparisons 
are listed in the Appendix. 
The procedure for these covariance 
ana1ysc.s is that outlined by Freese ( 1964). 
The results can be summarized by three 
general observations: 
1. The moisture changes per unit stress 
calculated from equation ( 4 )  are con- 
sistently greater than those measured ex- 
~erimentally. The dependence of the calcu- 
lated and nleasured results on initial mois- 
ture content was the same. 
2. While the moisture change per unit 
-/DL--+ -+- 16 20 21 
" %, c. 
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FIG. 2. Regression of the absolnte value of the 
change i n  moisture content per unit stress on initial 
moisture content for tension in the tangential direc- 
tion. 
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FIG. 3. Regression of the absolute value of the 
change in moisture content per unit stress on initial 
moisture content for compression in the radial di- 
rection. 
stress increased with initial moistlire con- 
tent for both tension and compression 
specimens, the rate of increase with initial 
moisture content was greater in tension 
than in compression. The magnitude of the 
moisture content change was groater in 
tension than in compression. 
3. The moisture changc per unit stress 
was greater for a stress in the tangential 
direction than for a radial stress. The de- 
pendence on initial moisture content was 
the same in both directions. 
Calculated os. experimental results 
There are several ~ossible reasons whv 
the calculated values are greater than the 
experimental values. Equation ( 3 )  is a 
differential equation, arid at this point no 
analytical solution is known to the author. 
Therefore, it is necessary to deal with mea- 
surable changes in m ,  a, x, and h, and to 
assume that the relationships obtained be- 
tween the variables using finite incbrements 
approximate the continuous relationships 
given in equation ( 3 ) .  ~u r the rmok ,  
Barkas' development assumes perfect elas- 
ticity, i.e., that Hooke's law is obeyed and 
that all changes are reversible. Thc errors 
that may be involved in these assumptions 
sound formidable, but Treloar ( 1952, 1953) 
and Kubht and Nyborg (1962) made cal- 
culations similar to those in this studv and 
found reasonable agreement between cal- 
FIG. 4. Regression of the absolute value of the 
changc in ~noisture content per unit stress on initial 
inoist~lre content for tension in the radial direction. 
culated and experimental results-better, 
in fact. than the agreement found in this 
study. 
Kublclt and Nyborg (1962) point out that 
the role of Poisson's ratio is not included in 
the n~atheinatical treatment of Barkas. A 
derivatlon that includes thc effect of 
Poisson's ratio is given in the Appendix. The 
final c,cluation for a radial stress is: 
where ,u is Poisson's ratio, R, T, and L arc 
the radial, tangential, and longitudillal di- 
mensions, and W, is the mass of dry wood. 
Thc effect of this correction on the cal- 
culated results was tested and found to 
inake a very small reduction (less than 1%) 
in the, calculated results. Total strain at 
the encl of the test runs was used for SR/R 
and ST/T (total strain was measured for the 
speciinc,ns at 64 and 75% relative humidity 
in a separate phase of the study), and the 
Poisson ratios for oak were taken from 
Hearinon ( 1948). 
The differences between the calculated 
and experimental values may also bc resi- 
dent in the term A. This term was mea- 
sured :it a = 0 in the study. Treloar (1952, 
1953) ineasured at u -- 170 pounds per 
square inch (psi) ,  while he measured the 
changes in moisture content at  stresses that 
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TABLE 4. Re~z~lts  of regression analyses of the rate of change of dimension with respect to relative vapor 
pressure, A,,, on per cent initial moisture content, M .  The least-squares equation is of the form A, = 
p exdqhl),  where p and q are constants. H is the c m e k t i o i ~  coefficient and F is the oariunce ratio. 
Tangential Hadial 
,- 
Compression Tension Compression Tension 
Item ( desorption ) ( adsorption) ( desorption) ( adsorption) 
Level of 
significance ( O/o ) 90 97.5 
ranged from approximately 800 to 7,000 psi. 
KubAt and Nyborg (1962) measured A at 
(T .:: 15 psi, while the change in moisture 
content was measured at stresses of 3,000 
to 6,000 psi. Compared to the actual 
stresses used to measure the change in 
moisture content, these measurements osf A 
are essentially stress-free shrinkage or 
swelling and may not be thc same as 
shrinkage or swelling at  higher stresses. 
Treloar (1952) made a brief study of this 
problem and found that h was lowered by 
almost 20% when the stress was increased 
fro111 170 to 3,300 psi. If this effect of 
stress on x is real, then the calculated values 
of the change in moisture content per unit 
stress are actually lower than the values 
calculated using A,, which would bring the 
calculated and experimental values ob- 
tained in this study into closer agreement. 
The slopes of the regression lines of the 
moisture change per unit stress on initial 
moisture content have been shown to be 
the same for the ca1c:ulated and experi- 
mental results, and this lends support to 
the principles underlying Barkas' theory. 
The terms in equation ( 4 )  that cause the 
nloisture change per unit stress to increase 
with initial moisture content are nL + 1, 
v, p, and A,. Both m + 1 and p change 
very little with moisture content. The 
density, l/v, o'f water vapor increases with 
nloisture content, but does so at a decreas- 
ing ratc. Therefore, the term I / v  cannot 
account for the nonlinear increase in the 
moisture change per unit stress with initial 
moisture content. Table 4 shows the re- 
sults of a regression analysis of h ,  on initial 
moisture content, using the same model as 
equation ( 5 ) .  Although the results do not 
conclusively show an exponential relation- 
ship, they do suggest that this term in- 
creases with initial moisture content at a 
rate that is greater than linear and there- 
fore it is the most important factor in caus- 
ing the moisture change per unit stress to 
increases exponentially with initial mois- 
ture content. The variation in A, with 
initial moisture content can also be traced 
to the sorption isotherm. This term can be 
written as: 
The first terrn on the right side of equation 
( 7 )  is essentially constant with moisture 
content, i.e., swelling and shrinking are 
nearly linear with moisture content. The 
second term is the slope of the sorption iso- 
therm, which increases with moisture con- 
tent above the inflection point in the iso- 
therm, i.e., moisture content increases with 
relative vapor pressure at a rate that is 
grcatcXr than linear. 
Tension us. compression results 
Thc results shown in Figs. 1 to 4  indicate 
that thc moisture change per unit stress 
increases with initial moisture content at a 
greater rate in tension (absorption) than 
in cornpression ( desorption) . This is re- 
flectecl in the regression analyses of A, on 
initial moisture content. Paired comparisons 
showed that A, increased with moisture con- 
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tent faster in absorption than in tlesorp- 
tion. 
Tangential us. radial results 
Thc rcsults indicate that the moisture 
changc per unit stress is greater for a 
tangential than for a radial stress, and that 
thc dependence on initial moisturc content 
is the same. Again, this can be traced to 
A,,, where paired comparisons between 
tangcntial and radial results showed that 
A,, increased with moisture content at the 
samc rate in both directions, but that thc 
level of A,, was greater in the tangential di- 
rection. 
CONCLUSIONS 
1. The sorption isotherm of wood is 
stress dependent. The equilibrium mois- 
ture contcnt of wood is increased by a 
tensile stress and decreased by a com- 
pressive stress. 
2. The moisture change per unit stress 
incrcascd approximately exponentially with 
initial moisture content. The rate of in- 
crcasc was greater in tension than in com- 
pression, and the magnitude of the change 
was greater in tension than in compression. 
:3. The moisture change pcr unit stress 
was greater for a tangential than for a 
radial stress. The dependence on initial 
moisture content was the same in both 
directions. 
4. The values for the change in mois- 
turc content calculated from the theoretical 
relationship were somewhat higher than 
the experimental values. This may be due 
in part to the technique and in part to the 
assumptions incorporated in the theory. 
Conclusions ( 1 )  to ( 3 ) ,  however, arc pre- 
dicted by the theoretical relationship, and 
therefore the principles underlying the 
Rarkas theory appear to be correct. 
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APPENDIX 
Derivation of equation (3) 
From the rules of partial derivatives, the 
following identity holds: 
Substituting equation ( 1 A )  into equation 
( 2 )  in thc text and rearranging, 
(drn/aw), = -(V/v)(l/x)(ax/dh),. (2A) 
If thc density, p, is defined as 
p = W,,I/(W,,V), (3-4) 
where W,, and W, are swollen and dry 
weights, respectively, then 
v = (m + l ) /p .  ( 4 4  
Substituting equation (4A) into equation 
( 2 A ) ,  and letting h = h,](h/h,) results in 
equation ( 3 )  in the text. 
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Paired comparisons 
Thc symbology for the 12 paired com- 
parisons between slopes and levels of equa- 
tion ( 5 )  in the text is as follows: The first 
lrtter (T or R) is for stress in thc tangential 
or radial direction; the second letter (C or 
T )  is for compression or tension; the third 
lettcr (C or E) is for calculated results 
(from equation [4] ) or experimental re- 
sults. The first group of four compares thc 
calculated and experimental rcsults. 
TCC vs. TCE 
TTC vs. TTE 
RCC vs. RCE 
RTC vs. RTE 
The second group of four compares the 
rcsults of compression stress to those of 
tension. 
TCC vs. TTC 
TCE vs. TTE 
RCC vs. RTC 
RCE vs. RTE 
The final group of four compares the re- 
sults of stress in thc tangential direction to 
those in the radial direction. 
TCC vs. RCC 
TTC vs. RTC 
TCE vs. RCE 
TTE vs. RTE 
Derivation of equation (6 )  
Barkas ( 1949) defines the differential 
swelling for a constant stress in the radial 
direction, for example, as 
wherc R, T, and L are the radial, tangential, 
and longitudinal dimensions. The term W,) 
is the mass of dry wood and is necessary 
since l7 was originally defined as the volume 
of ~ ~ l o i s t  wood per unit mass of dry wood. 
Equation (SA) states that the differential 
swelling, Sn, is due to a volume change 
caused by a change in the radial dimension 
at constant stress, and that T and L remain 
constant and do not contribute to this 
change in volume. In reality, T and L do 
change because of Poisson expansion or 
contraction. If ST and SL are the Poisson 
expansion or contraction, equation (5A) 
becomes 
For a stress in the radial direction: 
wherc the p's are the Poisson ratios and 
the E'S are the strains in the subscripted 
directions. From equation (7A) : 
Substituting equation (8A) into equation 
(6A) 
Following the same general derivation that 
led to equation ( 3 ) ,  the corrected form, for 
a radii11 stress, is equation ( 6 )  in the text. 
